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ABSTRACT 
A quantum wire-on-well (WoW) structure, taking advantage of the layer undulation of an 
InGaAs/GaAs/GaAsP superlattice grown on a vicinal substrate, was demonstrated to enhance the 
carrier collection from the confinement levels and extend the carrier lifetime (220 ns) by 
approximately four times more than a planar reference superlattice. Strained InGaAs/GaAs/GaAsP 
superlattices were grown on GaAs substrates under exactly the same conditions except for the 
substrate misorientation (0o- and 6o- off). The growth on a 6o-off substrate induced significant layer 
undulation as a result of step bunching and non-uniform precursor incorporation between steps and 
terraces, whereas the growth on a substrate without miscut resulted in planar layers. The undulation 
was the most significant for InGaAs layers, forming periodically aligned InGaAs nanowires on 
planar wells, a wire-on-well structure. As for the photocurrent corresponding to the sub-bandgap 
range of GaAs, the light absorption by the WoW was extended to longer wavelengths and weakened 
as compared with the planar superlattice. Almost the same photocurrent was obtained for both the 
WoW and the planar superlattice. Open-circuit voltage for the WoW was not affected by the longer-
wavelength absorption edge, and the same value was obtained for the two structures. Furthermore, 
the superior carrier collection in the WoW, especially under forward biases, improved fill factor 
compared with the planer superlattice.  
  
INTRODUCTION 
   Strain-balanced multiple quantum wells (MQWs), or superlattices, have been considered for use 
as band-gap adjusters in multi-junction solar cells for the purpose of improving current matching 
among subcells and enhancing energy conversion efficiency [1-5]. In order to implement a narrow-
gap absorber with large lattice constant for the extension of the absorption edge to longer 
wavelengths while maintaining lattice matching to the surrounding materials, a strain-balancing 
wide-gap material is coupled with the absorber, and these two layers with thicknesses below critical 
values for lattice relaxation are alternatively stacked with a substantial number of periods, which is 
typically 100 [4-7]. Due to the band lineup for the periodic stack, the narrow-gap absorber is 
regarded as wells and the wide-bap strain compensator as barriers. Planar wells and barriers are 
commonly used because of the simplicity of the design for strain management [8] and the 
controllability of crystal growth [4, 6, 9].  
Aiming at the inclusion in the GaAs middle cell of an InGaP/GaAs/Ge 3-junction cell, a 
InGaAs/GaAs/GaAsP superlattice has been developed, making it possible to extend the effective 
bandgap to of 1.2 eV with a short-circuit current of 17 mA/cm2 under an InGaP topcell filter [5], 
which is a value expected for a current-matched 3-junction cell. Bandgap narrowing of the 
InGaAs/GaAsP superlattice was further pursued to 1.15 eV [10], which is a value required for a 4-
junction cell with a projected efficiency over 50%. Further bandgap-narrowing of the wells in the 
strain-balanced MQWs would face a limit due to the difficulty in the design of the band lineup 
towards efficient carrier collection from the wells. Strain balancing with narrow-bandgap absorber 
layers, or quantum wells, imposes either of the two constraints on the strain-compensator barrier: a 
large band offset between the well and the barrier with a large P content, or thick barriers. The 
former makes carrier collection more difficult and the latter increases the total thickness of the 
superlattice to over 2 μm, a thickness which makes it quite difficult to achieve complete depletion of 
carriers in the intrinsic region where the superlattice exists. Consequently, the lack of sufficient 
electric field results in insufficient carrier collection [11].  
On the other hand, stacked quantum dots can serve as a bandgap adjuster as well as quantum 
wells [12-14]. They have an advantage of three-dimensional stress release, which makes it possible 
to combine a material with a much narrower bandgap with a strain compensator having a moderate 
bandgap as compared with a situation with planar quantum wells. The smaller volume of quantum 
dots, however, is disadvantageous in light absorption. As a result, the merit of extending the 
absorption edge to a longer wavelength than the case with a planar quantum well superlattice is a 
trade-off with the weak light absorption, i.e., small quantum efficiency.  
As an intermediate situation between wells and dots, quantum wires are of interest as good 
bandgap adjusters. Here, we focus on in-plane wires obtained by the epitaxial growth on a vicinal 
substrate as a result of undulated layer thickness. It has been reported that an InGaAs/GaAsP 
superlattice grown on a substrate with a miscut angle is accompanied by significant undulation of 
layer thicknesses. Previous studies with various substrate misorientations and lattice mismatches in 
the individual layers have clarified the following tendencies: 1) modulation amplitudes are larger 
with higher strain, and they increase as the deposition proceeds [15], and 2) the resultant layer 
undulation exhibits lateral periodicity toward the offcut direction [16, 17]. These findings suggest 
that the layer undulation emerges as a result of step bunching of the surface under growth. Such a 
structure can be regarded as in-plane nanowires embedded in thin quantum wells, which is an 
attractive low-dimensional structure. However, the thickness fluctuation makes strain balancing 
difficult [18] and low-temperature growth has been attempted in order to suppress layer undulation 
[18, 19] and to make it possible to stack a large number of InGaAs/GaAsP periods [20].  
Recently, it was found that photoluminescence (PL) lifetime for such an undulated 
InGaAs/GaAsP superlattice exceeds 1 ms owing to asymmetric carrier escape, or photo-charging 
[21], which is not observable for a planar superlattice. Such long lifetime of the carriers trapped in 
the wires is expected to make carrier collection easier than the case of planer superlattice. In 
addition, an array of InGaAs nanowires may serve as a better bandgap adjuster than a planar 
superlattice. Furthermore, when such a long-lifetime confinement state is embedded in a wide-gap 
host material with a large band offset that avoids thermionic carrier escape, confined carriers can 
escape via two-step photon absorption [22-25], contributing to the realization of intermediate-band 
solar cells [26-29].  
It was found recently that the growth of the InGaAs nanowires by layer undulation can be 
improved by the use of triethylgallium (TEGa) [19, 30] instead of commonly-used trimethylgallium 
(TMGa) [18, 20]. Low-temperature growth for moderating layer undulation by TMGa is 
accompanied by two issues: 1) unintentional p-type doping due to enhanced carbon incorporation 
that reduces electric field applied to the intrinsic region containing nanostructure [32], and 2) 
instability of surface morphology due to insufficient surface migration of the adatoms on the surface 
caused by the existence of residual methyl group on the surface as a result of TMGa decomposition 
[33]. TEGa can be decomposed at lower temperature than TMGa and the two issues above can be 
mitigated drastically in the low-temperature growth of InGaAs nanowires by the use of TEGa. This 
finding allows us to fabricate a solar cell containing InGaAs lateral nanowires for which we can 
expect an operation as good as that for a cell with a planar superlattice.  
The purpose of this study is therefore to make a fair comparison concerning the performance of 
InGaAs nanowires with respect to InGaAs planar wells. GaAs pin solar cells were fabricated with 
identical structures except for the nanostructure embedded in the intrinsic region and their 
performance was characterized in terms of carrier collection from the nanostructures (nanowires or 
planar wells), photovoltaic performance, and photoluminescence lifetime. 
 
EXPERIMENTAL 
GaAs pin solar cells including 50-period In0.3Ga0.7As(3.4 nm)/GaAs (2.7 nm)/GaAs0.6P0.4 (3.0 
nm) /GaAs (2.7 nm) superlattice were grown by metal-organic vapor-phase epitaxy (MOVPE) on 
two kinds of n-type GaAs (001) substrates: one without any miscut (an exact substrate) and the other 
with a 6o-off miscut towards [111] direction (a 6o-off substrate) as shown in Fig. 1. The layer 
contents and thicknesses above were calibrated for the growth on the exact substrate. The GaAs 
interlayer was inserted on the basis of the optimized design for the planar superlattice [5]; the 
interlayer brought about superior carrier collection from the InGaAs layers, the assumed reason for 
which is that the thermionic carrier escape from an InGaAs well to a GaAs interlayer helps the 
transport of succeeding tunneling carriers through GaAsP barriers. The planer superlattices were 
compressively strained by 2560 ppm as a whole due to intentionally thinned GaAsP barriers for 
efficient tunnel transport. Nevertheless, the absence of lattice relaxation was confirmed by both in 
situ surface reflectance monitoring and X-ray diffraction reciprocal space mapping as described 
below.  
 
 
 
 Figure 1  GaAs pin cells including a 50-period InGaAs/GaAs/GaAsP superlattice. 
Either an exact-oriented (0 0 1) substrate or a misoriented substrate with 6o miscut 
toward [1 1 1] was used for the planar SL and wire-on-well (WoW), respectively. The 
p- and n-regions were grown at 610 oC using trimethylgallium (TMGa) and the SLs 
were grown at 530 oC using tryehylgallium (TEGa).  
 
 
All the epitaxial layers were grown in a horizontal MOVPE reactor (AIX 200/4, AIXTRON) at a 
reactor pressure of 10 kPa. TMGa, TEGa, trimethylindium (TMIn), tertiarybutylarsine (TBAs), and 
tertiarybutylphosphine (TBP) were used as precursors with H2 carrier gas. The top p-region and the 
bottom n-region were grown using TMGa at 610 oC, and the i-region including the superlattice was 
grown using TEGa at 530 oC.  As mentioned above, the low-temperature growth of the superlattice 
using TEGa on a 6o-off substrate was required to suppress excessive layer undulation and resultant 
degradation in the quality of the stacked layers. [19] 
The 50-period SL-region was approximately 600-nm-thick in total and was sandwiched between 
two 100-nm-thick GaAs spacer layers, resulting in the i-region with a total thickness of 800 nm. A 
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GaAs reference cell with an 800 nm i-region, which was grown at 610 oC using TMGa, was also 
prepared for comparison. The crystal quality was confirmed by in-situ reflectance monitoring at a 
wavelength of 443 nm with a commercial system (EpiR-M TT, Laytec). Periodic oscillation during 
the growth of the entire superlattice, and no degradation in the reflectance for the layers above the 
superlattice confirmed that there was no lattice relaxation and crystal degradation in the course of the 
entire growth.  
All the grown samples were processed into solar cell devices with Au and TiAu contacts 
deposited on the back and the front side, respectively. The back Au electrodes were annealed at 330 
oC for 5 minutes prior to the deposition of the top electrode. The highly-doped p-GaAs layer above 
the InGaP window layer was removed by wet etching. Photovoltaic properties were measured with a 
commercial solar simulator (CEP-2000LS, Bunkoukeiki) using standard AM1.5G illumination. The 
quantum efficiency (QE) was measured with 2.5 mW/cm2 monochromatic light. 
PL lifetime was measured using a 780-nm pulse laser with a pulse width of 50 ps, pulse 
repetition rate of 10 MHz, and a time-averaged intensity of 4.8 pJ. A photo-multiplier tube (PMT) 
with a time resolution of approximately 0.5 ns was used to detect luminescence from either the 
superlattice or from the wires through a monochromator with a spectral resolution of 15 nm. The 
samples for this characterization consisted of only an unintentionally-doped superlattice with p-type 
background doping grown on a p-type substrate in order to ensure flat band-lineup across the 
superlattice. Furthermore, wide-gap InGaP barriers existed at both ends of the superlattice, which 
avoided the impact of carrier escape from the InGaAs wires or wells on the PL lifetime in addition to 
the flat-band doping condition. 
 
RESULTS and DISCUSSION 
 
A. Structure of superlattices grown on exact and 6o-off substrate 
   The structure of the InGaAs/GaAs/GaAsP superlattice in the cross sectional plane was 
characterized by scanning transmission microscopy (STEM) and X-ray diffraction reciprocal space 
mapping (XRD-RSM). The superlattice grown on a 6o-off substrate was expected to exhibit an 
anisotropic structure reflecting step edges on the surface. Here, the cross section was chosen so that 
it is perpendicular to the step edges on the surface of the 6o-off substrate.  
Figs. 2 (a) and (b) compare the STEM cross-sectional images. The superlattice grown on an 
exact substrate was quite planar while a 6o-off substrate caused significant undulation of layer 
thickness. These structures are quite consistent with XRD-RSM images around (004) diffraction spot 
in Figs. 2 (c) and (d). Periodicity in the stacking direction resulted in the fringe spots along the Qy 
direction. As for the superlattice on a 6o-off substrate, the Qy axis was aligned along the [001] axis of 
the substrate and the grid-like diffraction pattern for the superlattice is tilted by exactly 6o from the 
Qy axis, indicating that the 6o-off miscut surface was kept during the growth of the superlattice. The 
vertical periodicity for the planar superlattice (Fig. 2(a)) is 11.7 nm, which is quite consistent with 
the sum of the designed layer thicknesses (11.8 nm). Interestingly, exactly the same periodicity exists 
in the superlattice on the 6o-off substrate, suggesting that the averaged thickness over the surface was 
same for both the planar and undulated superlattice. When the vertical spacing of fringe spots in the 
RSM is converted to the period in real space on the basis of Fourier transformation, the same value 
(11.7 nm) was obtained.  
The lateral alignment of fringe spots in Fig. 2 (d) presents strong evidence of lateral periodicity 
when the superlattice was grown on a 6o-off substrate. Even though Fig. 2 (b) contains only a limited 
portion of the cross section, clear fringe spots in the RSM to the lateral direction confirms that the 
periodicity of the in-plane structure by layer undulation spreads over a wide area. The lateral 
periodicity is estimated as 66 nm in the STEM image (Fig. 2 (b)) and the value was consistent with 
the periodicity converted from the gap between the lateral fringe spots in the RSM (Fig. 2 (d)). The 
terrace width between single steps on a 6o-off (001) substrate is 2.7 nm and the observed lateral 
periodicity of layer undulation (66 nm) was approximately 25 times larger than the single terrace 
width. This finding supports the previously-proposed mechanism that layer undulation is caused by 
step bunching which normally occurs over plural steps. Indeed, it was observed that the lateral 
periodicity of layer undulation was strongly dependent on growth temperature [26]: higher growth 
temperature induced larger lateral periodicity in the undulated layers and no undulation was found in 
low-temperature growth.  
When the RSM was taken for another cross section which is perpendicular to the one in Fig. 2 
(d) by rotating the substrate by 90 o on the stage, no lateral spots were observed and the RSM was 
quite similar to the one in Fig. 2(c). This finding supports that the lateral periodicity in the 
superlattice existed only along the step edges of the 6o-off substrate, in other words, a wire-like 
structure was formed. A closer look of the STEM image (Fig. 2 (b)) reveals that the thickness 
modulation was the most characteristic for the InGaAs layer, resulting in a triangular cross section of 
InGaAs. We thus regard the InGaAs structure to be “in-plane nanowire”. Since each wire is not 
isolated but connected at the bottom to its neighbors, we call the structure InGaAs “wire-on-well 
(WoW)”.  
 
 Figure 2  Magnified STEM images for the InGaAs/GaAs/GaAsP superlattice grown 
on (a) an exact (001) substrate and (b) a 6o-off substrate. For the latter, the cross section 
was perpendicular to step edges on the miscut substrate. (c) (d) X-ray diffraction 
reciprocal space maps around the GaAs (0 0 4) diffractions points. The planar 
superlattice grown on the exact substrate shows a one-dimensional fringe pattern along 
the Qy-axis, which represents periodicity in the growth direction. The superlattice 
grown on a 6o-off substrate shows a 2-dimensional fringe pattern due to layer 
undulation with in-plane periodicity. 
 
 
B. Photo-absorption of planar superlattice and WoW 
   Photo-absorption was examined by Fourier-transform infrared spectroscopy (FTIR) for the 
planar superlattice on an exact substrate and the WoW on a 6o-off substrate. A GaAs substrate was 
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used as the reference for obtaining the absorption by either the planar superlattice or the WoW. The 
planar superlattice showed a typical step-like spectrum with a sharp exciton peak at 1005 nm. The 
WoW showed a gradually declining absorption tail with an edge at 1080 nm. Lateral variation of the 
quantum confinement level due to the triangular cross section of the WoW may contribute to  
extended absorption in 1020-1070 nm, though the absorption in 970-1010 nm was significantly 
lowered probably due to the poorer in-plane-coverage of InGaAs; the areas between the wires in the 
WoW are covered by extremely thin InGaAs where long-wavelength light cannot be absorbed. As a 
result of these two competing factors, the integrated area of the absorbance with respect to 
wavelength is larger for the planar superlattice.  
 
 
Figure 3  Absorbance spectra for the planar superlattice on an exact substrate and the 
WoW on a 6o-off substrate. The absorption attributed to GaAs was eliminated using a 
GaAs substrate as a reference. 
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C. Carrier collection efficiency from InGaAs confinement levels 
Collection of the photo-excited carriers from the narrow-gap region (either the wells or the WoW 
consisting of InGaAs) is the most important factor together with the absorption of long-wavelength 
photons in order for the InGaAs nanostructures to serve as effective bandgap adjusters for multi-
junction cells. Applying a forward bias to operate the cell weakens the electric field in the i-region 
where the nanostructure is included, and thus the carriers are more likely to be lost via 
recombination before being collected as photocurrent. Inefficient carrier collection, especially at a 
forward bias, therefore degrades fill factor of a cell. 
We evaluate carrier collection efficiency (CCE) under illumination at a bias voltage V as 
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where Jdark(V) is the dark current density, Jillu(V) is the current density under illumination, and the 
denominator term is the saturated value of illumination-induced current at a sufficiently-large 
reverse bias [32]. Rather than simply evaluating fill factor of a cell, CCE enables evaluation of the 
efficiency of carrier collection as decoupled from other factors of fill-factor degradation such as 
shunt current. Here we employed AM1.5G illumination filtered by a 665 nm long-pass filter 
(FGL665S, THORLABS) in order to evaluate the middle cell performance beneath an InGaP top cell 
considering the application of the InGaAs nanostructures as bandgap adjustors for InGaAs/GaAs/Ge 
3-junction cells. 
CCE showed apparent declination for the cell with the planar superlattice, whereas it stayed over 
99% up to 0.65 V for cells with the WoW, resulting in CCE at the maximum power output voltages, 
96.7% for the planar superlattice, and 98.1% for the WoW, respectively.  
In our experience, nanostructure absorbers such as arrayed quantum dots suffer from inefficient 
carrier collection when a small portion of the structure has narrower bandgap than the rest of the 
structure because such a narrow-gap portion collects carriers from the neighboring region and 
accelerate carrier recombination. Interestingly, the WoW evidenced better carrier collection than the 
planar superlattice even though the WoW exhibited weak photo-absorption at longer wavelengths 
than the absorption edge of the planar superlattice. The superior carrier collection in the WoW would 
be attributed to enhanced tunnel transport through locally thin GaAsP portions which exist as a result 
of thickness modulation, and/or long carrier lifetime as discussed later. 
 
 
 
Figure 4  Carrier collection efficiency (CCE) under AM1.5G illumination filtered by 
a 665 nm long-pass filter for cells with the planar superlattice on an exact substrate and 
the WoW on a 6o-off substrate. CCE was estimated by normalizing the illumination-
induced current enhancement to a saturation value at a sufficiently-large reverse bias. 
The result for a GaAs reference cell is shown together.  
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D. Performance of single-junction cells containing planar superlattice and WoW 
Similarly to the last section, photovoltaic performances were evaluated for cells with the planar 
superlattice on an exact substrate and the WoW on a 6o-off substrate. The performance of the 
reference GaAs cell without a nanostructure was also examined. Figure 5 shows the I-V 
characteristics under filtered AM1.5G illumination (>665 nm) and the external quantum efficiency 
(EQE). Table 1 summarizes their photovoltaic properties. Note that the anti-reflection coating (ARC) 
was not applied, and the reflectance was over 30% in the entire wavelength range. In addition, the 
long-pass filter reflects approximately 10% of the incident light.  
Both the planar superlattice and the WoW increased short-circuit current density Jsc at the 
sacrifice of open-circuit voltage Voc, confirming that both nanostructures function as good bandgap 
adjusters. Better carrier collection efficiency for the WoW is reflected as better fill factor in the I-V 
characteristics. The extended photo-absorption to longer wavelengths for the WoW contributes to the 
extended tail of EQE to the longer wavelengths.  
Two interesting features are observable upon comparison between the two cells with the planar 
superlattice and the WoW. First, an increment of Jsc with respect to the value for the GaAs reference 
cell was the same for the two cells in spite of the smaller total absorption in the sub-bandgap 
wavelength range for the WoW as compared with the planar superlattice. Secondly, Voc was almost 
the same for the two cells in spite of the longer-wavelength absorption edge for the WoW, meaning 
that the quantum states in the WoW with narrower gaps than a wavelength of 1020 nm (the 
absorption edge of the planar superlattice) did not bring about any reduction in Voc even though they 
contributed to photo-absorption. Both these tendencies suggest potential advantages of the WoW but 
further investigation of their mechanism is required.  
 
 Figure 5  (a) I-V characteristics under AM1.5G filtered by a 665 nm long-pass filter 
for cells with the planar superlattice on an exact substrate and the WoW on a 6o-off 
substrate. (b) External quantum efficiency at 0 V for the same cells. Results for the 
GaAs reference cell are shown together. 
 
 
Table 1  Photovoltaic performance of the fabricated cells under filtered AM1.5G illumination. The 
efficiency was calculated with the filtered incident illumination energy of 514 W/m2. 
 AM1.5 filtered (> 665 nm) 
 Jsc(mA/cm2) Voc (V) FF Efficiency 
GaAs reference cell 8.17 0.915 0.802 11.6% 
Planar superlattice cell on an 
exact substrate 
10.42 0.825 0.749 12.5% 
WoW cell on a 6o-off substrate 10.41 0.822 0.783 13.0% 
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E. Photoluminescence for planar superlattice and WoW 
To obtain clues about the mechanism of the superior carrier collection and the resultant 
photovoltaic performances of the WoW, PL spectra and lifetime were observed. For this analysis, no 
pin structure was used. The samples consisted of an unintentionally-doped nanostructure (the planar 
superlattice or the WoW) sandwiched by InGaP barriers with p-type background doping grown on p-
type substrate so that carrier escape from the nanostructure to the surrounding GaAs was negligible. 
As shown in Fig. 6 (a), the WoW showed a broader PL spectrum with luminescence at longer 
wavelength due to the locally weakened quantum confinement, which is consistent with the 
absorption spectrum in Fig. 3.  
PL lifetime was observed at the peak wavelength of the PL spectrum as shown in Fig. 6 (b). The 
PL decay time constant was 50 ns and 220 ns for the planar superlattice and WoW, respectively. 
Furthermore, for the WoW, the decay does not follow single-exponential behavior but several time 
constants seem to exist. The extended PL lifetime and nonlinear decay were characteristics already 
observed for the InGaAs quantum wires by layer undulation [17]. The present work confirmed these 
tendencies by the fair comparison between the planar superlattice and WoW (wires) prepared by 
exactly the same process. Long carrier lifetime is indeed beneficial for carrier collection from 
confined states, and it might be another reason for the higher CCE of the WoW under operational 
forward bias as well as the ease of tunneling carrier escape through locally thin portions of the 
GaAsP barrier.  
The reason for the extended carrier lifetime will be clarified in future studies. The triangular 
shape of InGaAs in the cross section may contribute to the separation of electrons and holes. Another 
factor which may favor carrier separation is the non-uniform cross-sectional size of InGaAs wires 
along the longitudinal direction. Detailed discussion will follow the analysis on the photovoltaic 
performances and optical properties of the WoW with systematically-tailored size, content (bandgap) 
and periodicity by adjusting growth conditions and substrate miscut.  
 
 
 
Figure 6  (a) PL spectra for the planar superlattice grown on an exact substrate and 
the WoW on a 6o-off substrate at an excitation wavelength of 780 nm. (b) PL decay 
curves at the peak wavelength measured for the same samples. The samples consisted 
of unintentionally-doped nanostructures sandwiched by InGaP barriers with p-type 
background doping grown on p-type substrate so that carrier escape from the 
nanostructure to the surrounding GaAs was negligible.  
 
CONCLUSIONS 
   A periodic assembly of InGaAs nanowires embedded on an InGaAs well, which we call “wire-
on-well (WoW)”, was obtained when InGaAs/GaAs/GaAsP superlattice was grown on a 6o-off 
substrate as a result of layer undulation, while the growth on an exact substrate without miscut 
resulted in perfectly planar superlattice. GaAs single-junction cells including either the WoW or the 
planar superlattice were prepared with identical structure and growth condition except for substrate 
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miscut angles, resulting in one cell with the WoW and the other cell with the planar superlattice in 
the intrinsic region. Photovoltaic performance was compared for these almost identical cells except 
for the narrow-gap absorbers. The absorption of the WoW was dispersed to longer wavelengths and 
was slightly weak when integrated over the wavelength as compared with the planar superlattice. 
Nevertheless, the same photocurrent contribution was obtained from the WoW and the planar 
superlattice. Open-circuit voltage was the same for the two cells in spite of the longer-wavelength 
absorption edge for the WoW. Carrier collection efficiency was superior for the WoW under forward 
biases, contributing to better fill factor.  
   Although further study on the physical mechanism is required, these experimental findings 
makes the WoW an attractive nanostructure in solar cells. Its four times longer carrier lifetime (220 
ns) as compared with the planar superlattice facilitates two-step photon absorption when it is 
included in a wide-gap pin structure and may help us obtain realistic intermediate-band cells.  
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